I. INTRODUCTION
Semiconductor nanostructures are widely investigated in fundamental research and for device applications. In particular, III-V nanowires (NWs) have attracted a growing interest for the development of optoelectronic devices such as laser [1] [2] [3] , light-emitting diodes [4] [5] [6] , photodetectors [7, 8] and solar cells [9] [10] [11] [12] . For instance, the ability to grow defect-free III-V NWs on silicon (Si) allows for the direct growth of III-V/Si tandem solar cells [13] . Doping is a key element for optimal operation of the devices like ohmic contacts [14] or efficient carrier collection [15] . Owing to the small dimensions of NWs, the realization of radial or axial p-n junctions requires a very tight control of the doping conditions during the epitaxial growth. However, characterization of carrier densities at the sub-micrometer scale remains challenging.
Field effect measurements [16, 17] and Hall effect measurements [18, 19] have been used to assess the transport properties of single NWs, but they require the fabrication of nanoscale electrical contacts, which is technically difficult. Multi probes in an electron microscope have been used to examine the charge carrier depletion and doping profile along NWs [20, 21] . Off-axis electron holography employs electron interference to measure the electrical potential in a thin specimen [22] , and have been used to reveal doping inhomogeneities in coreshell GaAs NWs [23] . Time-of-flight secondary ion mass spectroscopy (SIMS) [24] and atom probe tomography (APT) [25] can also be used to measure the density of atom impurities, but carrier concentration may be hindered by electrical deactivation or dopant compensation. Alternatively, optical methods provide rapid and contactless analysis of samples without additional processing step. For instance, the collective oscillation of free carriers can be excited and measured in the terahertz domain, but the low spatial resolution limits this technique to the investigation of NW ensembles [26] . Raman spectroscopy allow to probe the carrier densities through longitudinal optical (LO) phonon-plasmon interactions [27, 28] . Light scattering from local vibrational modes of the Si atom in GaAs lattice may also indicate whether Si dopants occupy As sites (p-type doping) [29, 30] or Ga sites (n-type doping) [31] . Photoluminescence (PL) is widely used and the Burstein-Moss shift was observed in n-InP [32] , nGaAs [33] and n-InAs [34] NWs. However, these optical techniques do not provide the spatial resolution required to study inhomogeneous NWs.
Here, we use cathodoluminescence (CL) mapping as a rapid, contactless measurement method of the carrier density in single NWs. The high spatial resolution of this technique allows to distinguish different regions of a single NW. It is used to eliminate faulty regions and to study variations of the carrier concentration in wellcontrolled homogeneous regions. In a previous work, we have demonstrated the quantitative analysis of electron concentration in Si-doped GaAs NWs [35] , and the luminescence analysis method has been further validated on a series of p-type and n-type GaAs planar reference thin films [36] . Here, we extend this work to a series of Be-doped (core and shell) and Si-doped (shell) GaAs NWs grown under different conditions. We assess quantitatively the carrier densities of both p-type and n-type NWs, either by fitting room-temperature (RT) CL spectra with the generalized Planck's law and an absorption model, or with the full-width at half maximum (FWHM) of low-temperature (LT) CL spectra. We discuss the agreement (p-doped) and disagreement (n-doped) with the target doping levels. In GaAs:Si NWs, we also unveil signatures of doping compensation that limits the carrier concentration in the shell, and of high concentrations in the top regions.
II. EXPERIMENTAL DETAILS
NWs were grown on a patterned Si(111) substrate by molecular beam epitaxy (MBE). A SiO 2 film (thickness ∼25 nm) was deposited by plasma-enhanced chemical vapor deposition (PECVD). It is used as a mask for the selective growth of NWs. Openings were fabricated using electron-beam lithography in a polymethyl methacrylate (PMMA) resist. They consist in a hexagonal array of holes (diameter ∼20 nm) with a pitch of 500 nm or 1 µm. The holes were transferred to the SiO 2 mask by reactiveion etching (RIE) with SF 6 /CHF 3 gases, followed by a wet chemical etching in dilute HF:H 2 O (1:100) to remove the last nanometers of SiO 2 before loading the substrate into the MBE chamber for degassing in ultra-high vacuum.
The MBE growth was performed in a Riber Compact 32 system. The NW growth sequences and the angles of molecular beams are depicted in Fig. 1 . Ga was supplied using a standard effusion cell. It first results in localized liquid Ga droplets above the mask openings. Arsenic was then supplied by a valved cracker producing As 4 and resulted in the NW growth via the self-catalyzed vapor-liquid-solid (VLS) method. The VLS growth was conducted at 610
• C. After the VLS growth, Ga droplets were crystallized by closing the Ga shutter and increasing the As flux to roughly twice the previous value at a substrate temperature of about 500
• C. We observed a zincblende GaAs crystal structure along most of the NWs, except in the NW tips (∼30% of the total length, see for example CL maps of core-1 and core-2 in Fig. 4 ) which correspond to the droplet crystallization growth.
For two samples (core-1 and core-2), Be dopants were provided during the VLS growth and an AlGaAs passivation shell (thickness ∼13 nm) was grown after the droplet crystallization. For the others (shell-1 to shell-5), the NW cores were not intentionally doped, and the doped shells were grown upon the sidewall facets of {110} family in the conventional vapor-solid (VS) mode with Be (p-type) or Si (n-type) dopants. Detailed growth parameters are given in Table I , including the growth temperature and the V-to-III beam equivalent pressure (BEP) ratio used for growing the doped core or shell.
The total length and diameter of NWs are measured from scanning electron microscope (SEM) images and averaged over several NWs of the same sample. Despite the hexagonal shape of NWs, the NW diameter is referred to the diameter of an equivalent cylinder with a crosssection of equal surface. The shell thickness is obtained by subtracting the total diameter to the typical diameter of NW core only (102±2 nm). The flux of Be-and Si-dopants was previously calibrated on GaAs(001) thin films. For core-1 and core-2, the theoretical doping concentration is calculated as the dopant flux divided by the NW growth rate (the crystallization growth at the tips is excluded). For shell-1 to shell-5, the theoretical doping concentration is obtained similarly but taking into account the projection of the dopant flux to the vertical sidewalls and the rotation symmetry of the shell growth. After growth, NWs were dispersed on a Si substrate. CL measurements were performed in an Attolight Chronos quantitative cathodoluminescence microscope. The e-beam acceleration voltage is 6 kV and the impinging current is 0.3-0.7 nA. Luminescence is collected by an achromatic reflective objective (NA: 0.72) and analyzed with a Horiba iHR320 monochromator (grating: 150 grooves/mm) and an Andor Newton Si CCD camera (1024×256 pixels, pixel width 26 µmn, spectral dispersion: 0.53 nm per pixel). Luminescence spectra were corrected for the diffraction efficiency of the grating and the sensitivity of the CCD camera.
III. EFFECT OF SURFACE DEPLETION AND BAND BENDING
For core-doped samples, an AlGaAs passivation shell was grown to increase the radiative efficiency of GaAs core, because thin GaAs NWs (diameter<130 nm) without passivation suffer from severe Fermi level pinning [37] . For shell-doped samples, a relatively thick shell allowed luminescence signal to be recorded without additional surface passivation. However, the effect of surface depletion and the junction formed with the undoped core may still influence the radiative process and are discussed in the following. function of the doping concentration for thin films and for NWs modeled as infinite cylinders of 150 nm radius with uniform doping. It is calculated using the electrostatic model of Ref. [38] with the charge neutrality level of GaAs taken to be 0.53 V above the valence band [39] , and a density of surface states of 10 13 cm −2 eV −1 corresponding to GaAs with native oxide [40] . NWs behave as thin films at high doping levels, but present larger surface depletion width at low doping concentrations. The NWs are totally depleted below a certain concentration limit. Under e-beam excitation, the separation of quasi-Fermi levels decreases toward the surface due to surface recombination. Hence, the CL contribution from the surface depletion region should be significantly lower than that from below the surface depletion region.
In the case where an unintentionally doped core is present, the doped shell may be partly depleted near the core-shell interface. This is illustrated in Fig. 2(b,c) for n-doped and p-doped shell. Free carriers can diffuse to the core, leading to band bending (bend up for n-shell and bend down for p-shell). Because of high doping levels in the shell and the small volume of the core, the effect of free carrier depletion in the shell should be negligible. Under e-beam excitation, most of the excess carriers are generated in the shell (depth of the generation volume ∼70 nm with a cut-off defined as 80% of the maximum energy [35] ). In addition, carriers generated in the core would be separated due to the internal field, resulting in low CL contribution from the core. CL measurements on shell-doped samples should mainly probe the quasineutral region of doped shells.
IV. BE-DOPED GAAS NANOWIRES
The mechanism of Be incorporation in MBE-grown GaAs NWs by the VLS method is still unclear, due to the complexity introduced by the nanoscale liquid Ga droplets and the difficulty of doping characterization for single NWs. Early studies used electrical conductivity measurements along NWs and showed that Be impurities incorporate dominantly through the parasitic sidewall growth in the VS mode [41] . Recently, Be incorporation through the three (112)A truncated facets at the liquid-solid interface was inferred using electron holography to evidence a remarkable three-fold symmetry of the electrical potential [23] . On the other hand, homogeneous incorporation was observed using the reconstruction with atom probe tomography [42] . In our experiments, we observed rather homogeneous CL mapping for Be-doped NW core, suggesting homogeneous incorporation in our growth conditions. For Be-doped NW shells, the situation should be similar to usual thin film growth and efficient doping incorporation was found using a high V/III ratio [43] . Fig. 3 shows SEM images of as-grown NWs on Si substrates for the five Be-doped samples. Two of them are (a) core-1 doped during the VLS growth (core-1 and -2), three are doped during the VS growth of NW shells (shell-1, -2 and -3). The statistics of the NW geometry are given in Table I . The growth parameters were kept identical except for the flux of Be dopant, but slight variations of the NW geometry and morphology are still observed. Be dopant is believed to have a surfactant effect which may cause irregular morphology and kinked NWs at high Be concentration [42] . In our samples, regular morphology was obtained along most of the NW length, and eventual inhomogeneity at the top can be resolved with CL mapping. Fig. 4 shows room-temperature (RT) CL measurements of Be-doped NWs. Every NW was measured with the same condition for electron excitation and luminescence collection, so their integrated CL intensities can be quantitatively compared. It allows for a direct comparison of the radiative efficiencies between samples. The color scales for the CL peak position and full-width at half maximum (FWHM) are adapted for each sample to visualize variations inside single NWs. For core-doped samples, two distinct regions with different CL characteristics are visible. The top of the NWs exhibits blueshifted luminescence peaks with a significant broadening. It may be due to the crystal phase mixing occurring during the droplet crystallization [44, 45] . Here, we focus on the homogeneous region in the middle of the NWs in order to assess and compare the carrier density between samples. We have checked by transmission electron microscope that this region is made of pure zincblende crystal phase (not shown).
Average CL spectra are extracted from the homogeneous regions delimited by the small rectangles shown in Fig. 4 (integrated CL intensity maps). They are plotted in Fig. 5(a) and can be compared quantitatively. The higher intensities are obtained with the core-doped samples, demonstrating the effective passivation effect of AlGaAs shells. The intensities for the shell-doped samples increase with the doping levels. In particular, the lowest doped NW (shell-1) exhibits a very low luminescence intensity due to a thinner shell and a larger surface deple- tion width. Redshift and broadening of CL spectra are consistent with an increased p-type doping, as expected from the Be flux (Table I) . CL spectra are fitted using the generalized Planck's law and a parabolic absorption model convoluted with an Urbach tail, following the method described in Ref. [36] . Due to the small size of the NWs, we neglect the reabsorption effect so that the absorptivity is approximated by the absorption coefficient α(hω) [47] . The results are plotted in Fig. 5(a) (colored lines) . The fitted model provides the bandgap E g (open circles in Fig. 5(a) ) and energy width of the Urbach tail γ. Both values depend mainly on the low-energy part of the luminescence spectra. Table II lists the Be-doped GaAs NW samples, the characteristics of CL spectra (peak energy and FWHM), E g and γ. Experimental hole concentrations are deduced from the bandgap narrowing (BGN) values: BGN = 1.424 − E g (eV), and the empirical rela-tion of Casey and Stern [46] , see Fig. 5(b) . For shell-1, the BGN value is too small to give a precise assessment of the hole concentration, which is probably lower than 1 × 10 18 cm −3 . The carrier concentrations determined by CL (Table II) are in good agreement with the expected doping levels (Table I) . For core-doped samples, measurements are slightly higher than expected. This can be related to a larger cross-section of the liquid droplets than the cross-section of the NWs used to estimate the incorporation of dopants. It results in a larger amount of Be atoms captured by the liquid droplets during the VLS growth of NWs and contribute to the overall doping of the core. Be incorporation through the truncated facets may also contribute to the doping and concentrate the dopants locally in the NW core [23] , leading to a larger BGN observed from CL. For shell-doped samples, the small discrepancy between the theoretical and experimental doping concentrations may be due to the uncertainty of the growth rate and complex orientation and shadowing of the impinging dopant flux. Overall, Be-doping in the core or shell of GaAs NWs can be accurately controlled through CL calibration.
V. SI-DOPED GAAS NANOWIRES
Si dopant is another contentious topic in GaAs NW growth due to its amphoteric behavior. It is normally utilized as an n-type dopant for GaAs thin films with (001) surface orientation, and typical free electron concentration up to 7×10 18 cm −3 without dopant compensation can be achieved in MBE systems [48] . However, the higher temperature required for the VLS growth of NWs results in higher As desorption rates and thus increases the probability of Si to occupy As sites [49] . Moreover, the incorporation mechanism differs largely in the presence of a liquid phase. Indeed, Si-doped GaAs grown by liquid phase epitaxy (LPE) is mainly compensated [50] . p-type doping was observed in GaAs NWs grown by VLS [29, 51] . On the other hand, shell-doping on NW facets of {110} type is believed to produce n-type conductivity [31] . Here, we have grown Si-doped GaAs NW shells at low temperature (T < 500
• C) to investigate the n-doping characteristics by CL mapping. Fig. 6 shows SEM images of two samples (shell-4 and shell-5). Their growth parameters, geometry and expected [Si] concentrations in the shell are given in Table I. The presence of Si atoms during the shell growth also causes parasitic growth of GaAs crystals on the SiO 2 mask. The morphology of GaAs:Si NWs is regular along most of the wire length, except at the top where twin planes, stacking faults and mixed crystal phases may be induced by the crystallization of the Ga droplets [44, 45] . For shell-4, the consumption of liquid Ga droplets was conducted at higher temperature (610 • C) and lower As flux (roughly one sixth of the value used during the VLS growth) to suppress the defect formation at the tip [44] . Fig. 7 shows SEM images, RT and low-temperature (LT, 20 K) CL maps of Si-doped GaAs NWs. Shell-4 presents homogeneous CL characteristics (peak position and FWHM) along the entire wire. On the other hand, CL maps of shell-5 reveal a region (labeled B) in the top half where the CL intensity is reduced and the CL peak is redshifted. It corresponds probably to the core region grown during the droplet crystallization. The top part (labeled C) exhibits wide and blueshifted CL features, which likely corresponds to the shell growth on top of the core. The rest of the wire (bottom to middle part, labeled A) remains homogeneous.
In Fig. 8(a) , we compare CL spectra extracted from shell-4 and from the bottom homogeneous region (A) and the top part (C) of shell-5. They are normalized and shifted vertically for clarity. The low-energy peak observed on RT CL spectra around 1.2-1.3 eV (dashed lines in Fig. 8(a) left) is attributed to Si-related complex defects [52] [53] [54] . The main emission peak can be fitted following the method developed in Ref. [36] . However, for the two thinner luminescence peaks of shell-4 and shell-5 (A), the electron concentration is probably below the degeneration threshold and the electron Fermi level E f c cannot be deduced accurately. In contrast, the top region (C) of shell-5 exhibits a broad, blueshifted CL spectrum consistent with a high electron concentration in this region. Its main emission peak (RT) is nicely fitted with E g = 1.364 eV, E f c =0.152 eV, γ = 29 meV, and kT = 38 meV. An effective higher carrier temperature is reflected from the slower decrease of the highenergy tail of the CL spectrum, as compared with the two other CL spectra. This may be related to the kconservation in the radiative recombination of electrons above the degenerate Fermi level with holes that are not thermalized to the band edge [55] . The electron Fermi level of 152 meV corresponds to an electron concentration of 5.1×10 18 cm −3 [36] .
To provide a more accurate assessment of the carrier density, CL measurements of the same NWs have been performed at LT. Their spectra are shown in Fig. 8(a) (right), and the luminescence characteristics (peak position and FWHM) are summarized in Table III . The electron concentration is estimated using the LT FWHM and the empirical relation established in Ref. [36] , see Fig. 8(b) . We find an electron around 4 × 10 17 cm
for shell-4 and shell-5 (region A). For the top of shell-5 (region C), we find an electron concentration of 9.2 × 10 18 cm −3 . We note that this value may be slightly overestimated due to low-energy luminescence from the defects. Comparing with the fit of the RT CL spectrum, we infer a high carrier density of n = 5-9 × 10 18 cm −3 at the top of shell-5.
We notice that a discrepancy of nearly one order of magnitude exists between the target doping levels (Table I) and the values deduced from CL measurements (Table III) . Lowered doping efficiency in the NW shell was also observed in Te-doped GaAs NWs [56] . Surface depletion [31] or Si dopant compensation due to (110) surface orientation [49] may be responsible for the observed lower carrier density determined by CL. Growth issues such as inhomogeneous distribution of molecular beam or shadowing effect [57] may also hinder the incorporation of Si dopants. Further understanding of microscopic crystal growth mechanisms will be required to improve the NW growth conditions for device applications.
VI. CONCLUSION
In this paper, we have investigated Be-doped and Sidoped GaAs NWs with different target doping concentrations. CL mapping allows to identify defective regions in single NWs and to extract spectra from homogeneous regions for further analysis. For Be-doped GaAs NWs, CL spectra progressively broaden and redshift with increasing Be flux. The bandgap narrowing is determined by fitting RT spectra with the generalized Planck's law, and used to assess quantitatively the hole concentration. It is found in very good agreement with expected doping levels. For Si-doped GaAs NWs, increased doping concentration induces a blueshift and spectral broadening related to the well-known Burstein-Moss effect. In the homogeneous region in the middle of the NWs, we infer electron concentration of 3 × 10 17 to 6 × 10 17 cm −3 from LT FWHM of CL spectra. We also unveil signatures of higher electron concentrations (5-9×10
18 cm −3 ) at the top of NWs. Luminescence from a defect band at lower energies may indicate Si dopant compensation. In conclusion, we have shown that high-resolution CL mapping and spectral analysis provide useful information for contactless assessment of carrier densities at the nanoscale. This technique can be extended to obtain insights about surface passivation, carrier lifetime and diffusion length, and the composition of a wide variety of ternary or quaternary compound semiconductors.
